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Rathke’s pouch, the epithelial primordium of the anterior pituitary, differentiates in close topographical and functional
association with the ventral diencephalon. It is still not known whether the ventral diencephalon acts as the initial inducer
of pituitary development. The roles of the adjacent mesenchyme and notochord, two other tissues located in close proximity
to Rathke’s pouch, in this process are even less clear. In this report we describe an in vitro experimental system that
eproduces the earliest steps of anterior pituitary development. We provide evidence that the ventral diencephalon from 2-
o 4-day-old chick embryos is able to function as an inducer of pituitary development and can convert early chick embryonic
ead ectoderm, which is not involved normally in pituitary development, into typical anterior pituitary tissue. This
nduction is contact-dependent. In our experimental system, there is a requirement for the supporting action of
esenchyme, which is independent of the mesenchyme source. Transplantation of the notochord into the lateral head
egion of a six-somite chick embryo induces an epithelial invagination, suggesting that the notochord induces the
utpouching of the roof of the stomodeal ectoderm that results in formation of Rathke’s pouch and causes the close contact
etween this ectoderm and the ventral diencephalon. Finally, we demonstrate that the ventral diencephalon from
9.5–e11.5 mouse embryos is also an efficient inducer of anterior pituitary differentiation in chick embryonic lateral head
ctoderm, suggesting that the mechanism of anterior pituitary induction is conserved between mammals and birds, using
he same, or similar, signaling pathways. © 1999 Academic PressKey Words: pituitary; induction; ventral diencephalon; head ectoderm; notochord; mesenchyme.
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It is well known that the anterior pituitary, composed of
pars distalis, pars tuberalis, and pars intermedia, of rep-
tiles, birds, and mammals develops from a small outpouch-
ing of the stomodeal ectoderm called Rathke’s pouch. It is
well documented also that the initial steps of the develop-
ment of this primordium are dependent on its interactions
with the ventral diencephalon, a portion of which later
differentiates into the posterior pituitary (for example,
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(
Diego, 9500 Gilman Dr., CMM-West, Room 345, La Jolla, CA
92093-0648. Fax: (858) 534 8180. E-mail: mrosenfeld@ucsd.edu.
340errand, 1972; Daikoku et al., 1982; Kawamura and
ikayama, 1992, 1995). However, our knowledge on the
ature of these interactions is limited.
The adult anterior pituitary (pars distalis and pars tube-
alis) is composed of five distinct cell types, each charac-
erized by the expression of a unique hormone. These cell
ypes and their characteristic hormones are gonadotropes
roducing follicle-stimulating hormone and luteinizing
ormone (FSH and LH, respectively), corticotropes produc-
ng adrenocorticotropic hormone (ACTH), thyrotropes pro-
ucing thyroid-stimulating hormone (TSH), somatotropes
roducing growth hormone (GH), and lactotropes producing
rolactin (PRL). During ontogenesis, each cell type appears
n a unique spatial–temporal fashion. Endocrine cells of the
ars intermedia produce melanocyte-stimulating hormone
MSH) and several other hormones, each of which is pro-
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341Pituitary Induction by Ventral Diencephalonduced as a result of differential processing of the pro-
opiomelanocortin (POMC) mRNA (see Voss and Rosenfeld,
1992; Andersen and Rosenfeld, 1994).
Significant progress has recently been made in the char-
acterization of the transcription factors which participate in
different key events of anterior pituitary development (see
Treier and Rosenfeld, 1996). The spatial–temporal expres-
sion (Seidah et al., 1994; Bach et al., 1995; Mathers et al.,
1995; Zhadanov et al., 1995; Hermesz et al., 1996; Thomas
and Beddington, 1996; Szeto et al., 1996; Lamonerie et al.,
1996), phenotypes of natural mutations (Ingraham et al.,
988; Sornson et al., 1996), or targeted gene ablation (Sheng
t al., 1996, 1997; Szeto et al., 1999) of these factors
together with biochemical data regarding complex interac-
tions between them suggest that they can form a transcrip-
tional network, controlling patterning and cell type deter-
mination in the developing pituitary. This transcriptional
network is regulated by a complex field of growth factors/
morphogens including members of the BMP, Wnt, and FGF
families, emanating from the diencephalon (Ericson et al.,
1998; Takuma et al., 1998; Treier et al., 1998), as well as by
intrinsic BMP and Wnt signals (Treier et al., 1998). How-
ever, these data define events that take place during the
second phase of pituitary organogenesis, well after the
initial steps of pituitary determination. Thus, we are still
very far from understanding the signaling mechanisms
involved in the initiation of pituitary development and how
these signals are converted into transcription factor net-
works which regulate the complex process of organogen-
esis.
Fate map studies performed on chick–quail chimeras
have clearly shown that the anterior pituitary develops
from the anterior neural ridge immediately adjacent to the
cells in the neural plate that will contribute to the ventral
diencephalon (Couly and LeDouarin, 1988). In agreement
with these data, ablation of the central part of the anterior
neural ridge of three- to four-somite chick embryos com-
pletely prevented the formation of Rathke’s pouch and,
subsequently, of the entire anterior pituitary (elAmraoui
and Dubois, 1993). From these data, one can imagine that
during formation of the anterior neural ridge cells destined
to form the anterior pituitary interact with neighboring
cells of the prospective hypothalamus, thus initiating the
process of anterior pituitary determination and setting the
scenario for following steps of pituitary development. Fi-
nally, these two primordiums, which are distinct, yet
intimately associated from the earliest stages of develop-
ment, create the physiological hypothalamic–pituitary axis.
Indeed, ablation of the future infundibulum in Bufo japoni-
cus embryos prevents the development of corticotropes, but
not of other anterior pituitary cell types (Kawamura and
Kikayama, 1992, 1995). Therefore, at least in amphibians,
some of the anterior pituitary cell types may be already
completely determined at the neural ridge stage, while for
corticotrope development the interaction of the epithelial
primordium of pituitary with the infundibulum is indis-
pensable. However, there is still no evidence in birds or
Copyright © 1999 by Academic Press. All rightmammals that the anterior neural ridge cells can form
anterior pituitary tissue autonomously, without prolonged
contact with ventral diencephalon. Presently, there are not
any markers or tests that can prove this presumable “early
pituitary determination” event. However, in organ culture,
the ventral diencephalon from 2- to 4-day-old chicken
embryos can induce differentiation of anterior pituitary cell
types in naive chick embryo head ectoderm, that is not
involved normally in pituitary development (Fedtsova and
Barabanov, 1990). These data suggest a possibility that true
pituitary determination occurs later in development and
requires contact between the stomodeal ectoderm and the
ventral diencephalon.
In this paper, we describe in detail an in vitro organ
culture experimental system which reproduces the initial
critical steps of pituitary development. Our data support
the hypothesis that development of head ectoderm is a
multistep process and, in the case of the anterior pituitary,
that organ determination occurs during the period when the
roof of the stomodeal cavity comes in contact with the
ventral diencephalon. We have shown also that the ventral
diencephalon from mouse embryos possesses the ability to
induce anterior pituitary development in naive chick head
ectoderm. We present data demonstrating that the ventral
diencephalon, mesenchyme, and notochord act coordi-
nately to induce the development of anterior pituitary. The
experimental system presented here provides an opportu-
nity both for further analysis of the inductive signals
involved in pituitary development and for the investigation
of the role of different transcription factors in this process.
MATERIALS AND METHODS
Animals and embryos. Fertilized chicken eggs were obtained
from McIntyre Poultry (San Diego, CA) and incubated at 38°C until
the appropriate stage in humidified atmosphere. Mouse embryos
were obtained from timed pregnancy of F1(C57Bl/6JxCBA); noon of
the day when the vaginal plug appeared was considered 0.5 days
postcoitum (pc).
Tissue fragment isolation and cultivation. Fragments of chick
embryonic head ectoderm, notochord, somites, and chick and
mouse embryonic ventral diencephalon (Figs. 2A, 5A, and 5B) were
dissected using electrolitically sharpened tungsten needles after
incubation of the tissue with collagenase (type I, Sigma). Isolated
pieces were allowed to recover for 30 min at room temperature in
serum-containing medium and then placed on HAWP filters (Mil-
lipore), transferred onto plastic floating rafts, and cultivated in
35-mm petri dishes in RPMI 1640 medium (Gibco BRL) containing
10% fetal calf serum, 10% extract from day 10 chick embryos, 100
U/ml penicillin, and 100 mg/ml streptomycin (see Fig. 2C). In
everal experiments, tissue recombinants were cultivated in three-
imension collagen type I gel (Collaborative Biomedical Products),
repared according to the manufacturer’s protocol. Half of the
edium volume was changed every second day. For transfilter
nduction experiments, tissue fragments were separated by Nucleo-
ore filters (pore diameter, 0.1 mm) (Fig. 2C). For in vivo transplan-tation experiments, approximately 100-mm-long fragments of no-
tochord were isolated from 6- to 10-somite chick embryos and
s of reproduction in any form reserved.
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342 Gleiberman, Fedtsova, and Rosenfeldtransplanted under the ectoderm posterior to the eye cup on one
side of a 6-somite chick embryo.
Immunohistochemistry. After 8–10 days of cultivation, tissue
fragments were fixed in an ethanol:water:formalin (6:3:1) mixture,
washed in 70% ethanol, and embedded in paraffin. The same
procedure was used for normal and operated chick embryos. Serial
5- to 7-mm-thick sections were stained by indirect immunoperox-
idase with rabbit antisera against ACTH and aMSH (Chemicon,
1:1000 dilution), GH, PRL (DAKO, 1:200 dilution), aGSU and
TSHb (National Hormone and Pituitary Program, 1:200 dilution),
nd Pit-1 (1:200 dilution). Anti-rabbit horseradish peroxidase-
onjugated antibodies (Chemicon) were used in 1:500 dilution. The
roduct of the reaction was developed with DAB-metal enchancer
Pierce). Sections were counterstained with methyl green, dehy-
rated, and mounted in Permount (Fisher).
RESULTS
Chicken Pituitary Development in Vivo
and in Vitro
The anlage of the anterior pituitary, Rathke’s pouch, is
present in the chick embryo beginning from the 22-somite
stage, at approximately 55 h of incubation. Differentiated
pituitary cell types are not observed until several days later.
The first terminally differentiated anterior pituitary cell
type that we observed were the ACTH-positive cells (the
corticotropes) at 7.5 to 8 days of incubation followed by
aGSU-positive cells at approximately day 10 of incubation
(Fig. 1A). aMSH-positive cells were observed on day 14 of
incubation (Fig.1B) with a distribution that was very similar
to the localization of the ACTH-positive cells. Other mark-
ers, such as TSHb and PRL are not observed until signifi-
antly later in develoment, at 18–19 days of incubation (Fig.
B).
In vitro culture of Rathke’s pouch with the attached
entral diencephalon and adjacent mesenchyme results in
he appearance of some of the mature pituitary cell types,
redominantly corticotropes (Watanabe, 1982a,b). Previ-
usly it was shown that the appearance of pituitary cell
ypes other than corticotropes in cultured chick Rathke’s
ouch requires special cultivation conditions, such as com-
ining in vitro organ culture with in ovo cultivation on the
horioallantois (Barabanov, 1991). In order to establish the
arliest stage at which our culture conditions could support
ituitary development, we cultivated either whole intact
entral diencephalon plus stomodeal ectoderm and the
djacent mesenchyme from 10- to 11-somite chicken em-
ryos or recombinants of isolated ventral diencephalon and
solated stomodeal ectoderm from 10- to 11-somite em-
ryos with the addition of adjacent mesenchyme (see Figs.
A, and 2B). Glandular tissue containing ACTH-positive
ells was found in both intact diencephalon-stomodeal
omplexes and the recombinant cultures (Figs. 2B, 3A, and
B). aGSU-positive cells or other terminally differentiated
pituitary cell types were not observed in any of these
explants (Fig. 3A and data not shown). These results indi-
cate that the in vitro complex of stomodeal ectoderm with
Copyright © 1999 by Academic Press. All rightentral diencephalon can reproduce at least the early steps
f pituitary development.
Induction of Anterior Pituitary by Chick Embryo
Ventral Diencephalon
Next, we investigated the ability of the ventral dien-
cephalon to induce embryonic ectoderm, which is normally
not involved in pituitary development, to differentiate into
anterior pituitary cells. For these experiments, fragments of
chick embryonic ventral diencephalon (stage 9–30 somites)
were isolated and combined with different regions of chick
embryonic head ectoderm (6–21 somites) in the presence of
mesenchyme. Explants were placed either on floating filters
rafts or in three-dimensional collagen gel. The embryonic
head ectoderm was isolated from three distinct areas: the
presumptive lens, the lateral head, and the presumptive
stomodeum (see Fig. 2A). In cases where the pieces of
isolated head ectoderm contained adjacent mesenchyme
(usually lateral head ectoderm from embryos with more
than 12 somites), no additional mesenchyme was added.
However, if the isolated piece of ectoderm was “too clean,”
additional mesenchyme was added to the tissue complex. In
most instances, somites from a 14- to 21-somite embryo or
a piece of trunk mesenchyme was used. No signs of pitu-
itary differentiation were found in explants which did not
contain any mesenchyme (see below). In 22 of 27 explant
cultures glandular tissue with ACTH-positive cells was
observed following 8–10 days of cultivation (Figs. 2B and
3B). No other hormones corresponding to mature differen-
tiated pituitary cell types were found in these explants (Fig.
3A and data not shown). Usually, these pituitary-like struc-
tures were associated with growing neural tissue. Pituitary-
like structures or ACTH-positive cells were not observed
when either diencephalon or ectoderm explants were cul-
tured alone. In similar experiments, fragments of ventral
diencephalon were combined with pieces of trunk ectoderm
and with pieces of head ectoderm isolated from the region
posterior to the otic pit. Neither of these sources of ecto-
derm differentiated into glandular tissue. Fragments of
lateral head ectoderm and mesenchyme were recombined
with neural tissue other than ventral diencephalon (spinal
cord, midbrain, eye cup, and hindbrain) from 12- to 18-
somite chicken embryos to determine the specificity of the
requirement for ventral diencephalon. None of these ex-
plants contained glandular tissue or ACTH-positive cells
after 7–10 days of cultivation (Figs. 2B, 3C, and data not
shown). These data indicate that the ability to initiate
pituitary development in naive ectoderm is specific to the
ventral diencephalon and that only ectoderm anterior to the
otic pit is competent to respond to these signals.
Age-Dependency of Pituitary Induction
In separate experiments, we defined the temporal win-
dow in which head ectoderm is able to respond to the
diencephalic stimuli, as well as the temporal window
s of reproduction in any form reserved.
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343Pituitary Induction by Ventral DiencephalonFIG. 1. Appearance of terminally differentiated cell types in the developing anterior pituitary of chick embryos. (A) Immunostaining of
a-glycoprotein subunit (aGSU) and adrenocorticotropic hormone (ACTH) in the anterior pituitary of 8- to 14-day chick embryos. Sagital
ections with rostral anterior pituitary are on the right of all sections. ACTH-positive cells are clearly seen in the rostral part of the anterior
ituitary at 8 days of incubation. This rostral localization is very characteristic for corticotropes at all stages of pituitary development.
aGSU-positive cells are easily visualized at day 10 of incubation and are evenly distributed throughout the anterior pituitary. (B)
Immunolocalization of thyroid-stimulating hormone (TSHb; thyrotropes), prolactin (PRL; lactotropes) in 19 day chick embryonic anterior
pituitary, and melanotropin-stimulating hormone (aMSH; melanotropes) in day 14 anterior pituitary of chick embryo.
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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345Pituitary Induction by Ventral Diencephalonduring which the diencephalon maintains the ability to
produce the inductive signals. Lateral head ectoderm and/or
presumptive lens ectoderm was used for all of these experi-
ments. For presomitic stage embryos, presumptive head
ectoderm located anterior to the neural plate was used. The
ability of the ectoderm to respond to inductive signals is
greatly affected by mesenchyme (see below). Therefore, all
recombinant cultures used in this series of experiments
contained mesenchyme, usually isolated from the lateral
head region. Head ectoderm from presomitic and early
somite stage embryos can be successfully induced by ven-
tral diencephalon derived from 12- to 30-somite chicken
embryos. Head ectoderm from 22-somite-stage chick em-
bryos or older chick embryos was never converted to a
pituitary fate under our culture conditions. Thus, in recom-
binant cultures the ventral diencephalon is an efficient
inducer of pituitary development in head ectoderm begin-
ning between the 9- and 38-somite stages (approx 36 to 72 h
of incubation). These data are summarized in Fig. 4.
Role of Mesenchyme in Pituitary Induction
The significance of mesenchyme in the early steps of
pituitary development is still not clear. No signs of pitu-
itary differentiation were observed in cocultures of ecto-
derm and diencephalon in the absence of mesencyme. In
order to obtain more detailed information on the role of
mesenchyme in this process, experiments were performed
(Fig. 5) which examined the effect of mesenchyme from
different locations and different stages of development. In
the first experiment, presumptive head ectoderm from head
fold or 1-somite-stage chick embryos was recombined with
ventral diencephalon from 9- to 12-somite embryos in the
absence of mesenchyme, with head mesenchyme from
1-somite embryos, or with somites from 9- to 12-somite
embryos (see Fig. 5A). ACTH-positive cells were found only
in the explants which contained mesenchyme from 9- to
12-somite embryos (Fig. 5C). In a second experiment, re-
combinants of lateral head ectoderm from 4- to 5-somite
embryos plus ventral diencephalon from 15- to 18-somite
embryos were cultivated in the absence of mesenchyme,
with head mesenchyme from 4- to 5-somite embryos, or
with mesenchyme from the lateral head region of 15- to
18-somite embryos (see Fig. 5B). In this experiment pitu-
itary differentiation occurred also only in the presence of
mesenchyme isolated from older embryos (Fig. 5D). These
data show that mesenchyme is essential for pituitary induc-
FIG. 2. Differentiation of ACTH-positive cells in recombinant ex
chick. HB, hindbrain; LHE, lateral head ectoderm; MB, midbrain; O
posterior head ectoderm; SE, stomodeal ectoderm; VD, ventra
ACTH-positive cells appearance in recombinant experiments. DS c
and adjacent mesenchyme; Sc, spinal cord; TE, trunk ectoderm. Other ab
culture (a) and for transfilter induction experiments (b).
Copyright © 1999 by Academic Press. All rightion in vitro, and the ability of the mesenchyme to support
ituitary development is age-dependent; mesenchyme from
mbryos with less than 5 somites cannot support pituitary
evelopment in organ culture. In contrast, the source of
esenchyme was not important—somitic mesenchyme
rom 9- to 12-somite embryos was as effective as mesen-
hyme from the lateral head region from 15- to 18-somite
mbryos in its ability to support pituitary development.
Contact-Dependent Signal(s) Versus Diffusible
Induction Signal(s)
In most cases, close contact between the ectoderm and
neural structures was observed in the recombinant cultures
in which glandular tissue and differentiated pituitary cell
types were observed. Therefore, it was difficult to deter-
mine whether pituitary induction is due to direct contact
between the neural tissue and ectoderm or if it is caused by
a short-range diffusible factor(s). To address this question,
several transfilter experiments were performed. Recombi-
nant cultures containing 12-somite chick embryo lateral
head ectoederm plus mesenchyme and ventral diencepha-
lon were assembled as shown in Fig. 2C, where the ecto-
derm and mesenchyme were separated from the ventral
diencephalon by a 0.1-mm Nucleopore filter. After 7–10
days of cultivation there was no indication of pituitary
development in any of the 8 analyzed explants. That is,
glandular tissue and ACTH-positive cells were not observed
(Fig. 3D). These results indicate that direct contact between
the ventral diencephalon and stomodeal ectoderm, rather
than diffusible factors, is likely to be involved in the
initiation of pituitary development.
Role of Notochord in Pituitary Development
During head formation the anterior tip of the notochord
reaches an area where the anterior pituitary starts to de-
velop. Since the notochord is a source of several different
powerful morphogenetic signals, it was reasonable to try to
experimentally address the potential participation of the
notochord in early pituitary development. However, as we
have observed in several experiments, the notochord can
neither replace the ventral diencephalon nor influence the
outcome of pituitary differentiation in recombinant cul-
tures of lateral head ectoderm, mesenchyme, and ventral
diencephalon (data not shown). However, small pieces of
notochord transplanted behind the optic vesicle of a six-
t cultures. (A) Schematic ventral view of the head of a 12-somite
tic pit; OV, optic vesicle; PLE, presumptive lens ectoderm; PsHE,
ncephalon. (B) Graphical representation of the appearance of
lex, intact complex of ventral diencephalon, stomodeal ectoderm,plan
P, o
l die
ompbreviations as in A. (C) Assembly of tissue recombinants for organ
s of reproduction in any form reserved.
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ectoderm (Figs. 6a and 6b). This invagination is morphologi-
cally similar to the initial steps of Rathke’s pouch forma-
tion (Figs. 6c and 6d) and suggests that the notochord can
induce nonspecific pouching of the stomodeal ectoderm. In
the case of Rathke’s pouch formation this results in the
close contact between the diencephalon and ectoderm and
that is a prerequisite for induction of the anterior pituitary.
FIG. 3. Induction of pituitary differentiation in in vitro expla
diencephalon and mesenchyme from a 12-somite chick embryo aft
eosin (a) and immunostaining for ACTH (b) or aGSU (c). (B) Pitu
Recombinant cultures of stomodeal ectoderm and mesenchyme fro
chick embryos after 10 days of cultivation. Hematoxylin and eosin
culture of presumptive lens ectoderm and lateral head mesenchy
30-somite chick embryos after 10 days of cultivation. Hematoxy
Recombinant culture of lateral head ectoderm and mesenchyme fro
chick embryos after 10 days of cultivation. Hematoxylin and eo
ACTH-positive cells in control recombinants cultures: a, recombin
diencephalon from 14-somite chick embryos; b, recombinant cultu
with ventral diencephalon from 15-somite chick embryos; c, recomb
from 12-somite chick embryos; d, recombinant culture of lateral
FIG. 4. Dependence of corticotrope differentiation on age of
entral diencephalon and head ectoderm. Each square represents
ne explant coculture experiment.dorsal diencephalon from 18-somite chick embryos. (D) Absence of
recombinant culture with ventral diencephalon. Hematoxylin and eosi
Copyright © 1999 by Academic Press. All rightMouse Embryonic Ventral Diencephalon Can
Induce Anterior Pituitary Development in Chick
Lateral Head Ectoderm
We have shown previously that although embryonic day
9.5 (e9.5) mouse Rathke’s pouch is already committed to
anterior pituitary development, it requires contact with the
ventral diencephalon in order to realize this competence
(Treier et al., 1998). After e10.5, however, Rathke’s pouch
can develop into the anterior pituitary autonomously with-
out any further support from the diencephalon. Thus, only
a relatively short period of contact between the ectoderm
and this specific region of the ventral diencephalon is
required to initiate the chain of events that lead to the
appearance of terminally differentiated pituitary cell types
several days later.
Our next goal was to compare the inductive capacity of
the mouse ventral diencephalon with that of the chick
ventral diencephalon. Ventral diencephalon from e9.5–
e11.5 mouse embryos was unable to induce pituitary cell
types in recombinants of either e9 mouse presumptive lens
ectoderm or lateral head ectoderm (eight explants). There-
fore, we decided to investigate whether chick embryonic
head ectoderm, which is competent for pituitary induction
by the chick diencephalon, will develop into pituitary
tissue under the influence of mouse embryonic diencepha-
lon. In explant cultures we recombined fragments of ventral
diencephalon from e9.5–e11.5 mouse embryos with pieces
of lateral head ectoderm plus attached mesenchyme from 9-
to 14-somite chick embryos. Clear anterior pituitary differ-
entiation was observed in five of the nine explants. Pitu-
itary differentiation was defined morphologically by the
observation of a glandular-type structure within the ex-
plants (Fig. 7A). Interestingly, in addition to the ACTH-
positive cells observed with chick ventral diencephalon,
cells expressing hormones characteristic of other differen-
tiated cell types including aMSH, aGSU, Pit-1, PRL, and
occasionally GH were found. TSHb–positive cells were
ever observed (Fig. 7B). Individual explants did not always
ltures. (A) Intact complex of stomodeal ectoderm plus ventral
days of cultivation. Serial sections stained with hematoxylin and
tissue and ACTH-positive cells in recombinant cultures. (a, b)
-somite chick embryos with ventral diencephalon from 18-somite
ning (a) and immunolocalization of ACTH (b). (c, d) Recombinant
from a 14-somite chick embryo with ventral diencephalon from
nd eosin staining (c) and immunolocalization of ACTH (d). (e, f)
-somite chick embryos with ventral diencephalon from 20-somite
taining (e) and immunolocalization of ACTH (f). (C) Absence of
ulture of posterior head ectoderm plus mesenchyme with ventral
trunk ectoderm plus mesenchyme from a 12-somite chick embryo
t culture of lateral head ectoderm plus mesenchyme with midbrain
ectoderm plus mesenchyme from 12-somite chick embryos withnt cu
er 10
itary
m 11
stai
me
lin a
m 18
sin s
ant c
re of
inan
head
ACTH-positive cells in lateral head ectoderm from a transfilter
n staining (a) and immunolocalization of ACTH (b).
s of reproduction in any form reserved.
348 Gleiberman, Fedtsova, and RosenfeldFIG. 5. Influence of mesenchyme on pituitary induction in recombinant explant cultures. (A) Schematic view of head-fold stage chick
embryo (PHE, presumptive head ectoderm) and graphical representation of the appearance of ACTH-positive cells in recombinants of
presumptive head ectoderm from head-fold or 1-somite-stage chick embryos with ventral diencephalon from 9- to 12-somite chick embryos.
(B) Schematic view of head region of 5-somite chick embryos (LHE, lateral head ectoderm) and graphical representation of the appearance
of ACTH-positive cells in recombinants of lateral head ectoderm from 4- to 5-somite chick embryos with ventral diencephalon from 15-
to 18-somite chick embryos. (C) ACTH-positive cells in a recombinant organ culture of presumptive head ectoderm from head-fold stage
embryos with ventral diencephalon and somitic mesenchyme from 10-somite embryos. (D) ACTH-positive cells in a recombinant organ
culture of lateral head ectoderm from 5-somite chick embryos with ventral diencephalon and lateral head ectoderm from 15-somite chick
embryos.
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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349Pituitary Induction by Ventral Diencephalonexpress all pituitary markers. In one case, only ACTH- and
Pit-1-positive cells, but not aGSU- nor PRL-positive cells
ere found. In control cultures, fragments of mouse ventral
iencephalon or fragments of chicken lateral head ectoderm
ultivated separately did not exhibit any signs of pituitary
ifferentiation. Thus, ventral diencephalon from e9.5–e11.5
ouse embryos possesses the same pituitary-inducing ac-
ivity as the chicken. In addition, it is a very potent source
or the patterning signals that determine additional pitu-
tary cell types. The induction of the entire spectrum of
nterior pituitary cell types in the chicken-mouse tissue
ecombinants versus only ACTH-positive cells found in
ure chicken recombinants may reflect differences in the
FIG. 6. Induction of lateral head ectoderm invagination by transp
embryo was transplanted into the head of a 6-somite chick embryo
section through Rathke’s pouch of a control 32-somite chick em
showing an early stage of Rathke’s pouch formation. (c) Coronal se
optic vesicle. (d) Higher magnification of the designated field from
diencephalon; F, foregut; NC, transplanted notochord; OV, optic v
with hematoxylin and eosin.evelopment of whole head ectoderm and, particularly, of
nterior pituitary between chicken and mouse.
Copyright © 1999 by Academic Press. All rightDISCUSSION
Anterior pituitary development, as is all organogenesis, is
a complex multistep process. The ultimate goal of this
study was to develop an experimental system that would
permit us to directly investigate the molecular basis of early
pituitary development. Previous studies have shown that
the anterior pituitary develops from the stomodeal ecto-
derm in close association with and under the influence of
the ventral diencephalon. We have shown that the ventral
diencephalon from both mouse and chick embryos is able to
direct anterior pituitary differentiation from its anlage,
Rathke’s pouch. In addition, it can change the developmen-
d notochord. The anterior tip of notochord from a 12-somite chick
erior to the future eye. The embryo was fixed 24 h later. (a) Sagital
(b) Higher magnification of area designated by the square in (a),
through the head containing transplanted notochord posterior to
howing notochord in close vicinity to invaginating ectoderm. D,
on unoperated side; RP, Rathke’s pouch. All sections are stainedlante
post
bryo.
ction
(c) stal fate of chick embryonic head ectoderm which is not
involved normally in pituitary development, causing it to
s of reproduction in any form reserved.
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350 Gleiberman, Fedtsova, and RosenfeldFIG. 7. Induction of differentiated pituitary cell types in recombinant organ cultures of chick embryonic lateral head ectoderm and mouse
mbryonic ventral diencephalon. (A) Hematoxylin- and eosin-stained sections from three examples of pituitary-like glandular tissue found
n recombinant organ cultures. Glandular tissue is marked with an arrow. (B) Immunohistochemical identification of pituitary hormones
n glandular tissue found in the mouse ventral diencephalon (e9.5–11.5) and chicken lateral head ectoderm plus mesenchyme (9–14 somites)
ecombinant explant cultures. ACTH, adrenocorticotropic hormone; aMSH, melanotropin-stimulating hormone; aGSU, a-glycoprotein
subunit; PRL, prolactin; GH, growth hormone. Arrowheads, GH-positive cells.
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351Pituitary Induction by Ventral Diencephalondifferentiate into anterior pituitary in organ culture. Our
data strongly suggest that development of the anterior
pituitary during normal ontogenesis is initiated by induc-
tive signal(s) emanating from the ventral diencephalon after
its contact with the stomodeal ectoderm and that this
induction is contact dependent. The presence of mesen-
chyme in the recombinant tissue culture was essential to
achieving anterior pituitary development, and somitic me-
soderm, mesenchyme adjacent to Rathke’s pouch, or trunk
mesenchyme was equally effective in supporting of pitu-
itary development. Our data also show that the source of
the mesenchyme is nonspecific, although there is a tempo-
ral aspect with respect to its ability to support pituitary
development. We have shown previously that even early
mouse Rathke’s pouch, already committed to pituitary
development, cannot survive without the nonspecific sup-
port from mesenchyme and feeder cells (Treier et al., 1998).
Therefore, it is plausible to conclude that in the case of
pituitary induction in vitro mesenchyme is essential for
survival of the induced anterior pituitary tissue rather than
directly participating in the inductive event itself.
The role of the notochord in pituitary development still
remains rather obscure. It is very tempting to correlate our
observation that the anterior tip of the notochord can
induce “pouching” of early chicken head ectoderm with the
initiation of the early steps of Rathke’s pouch formation,
resulting in the required contact between the invading part
of the stomodeal ectoderm and the ventral diencephalon.
Moreover, a similar role for the notochord was shown in
pancreas induction (Kim et al., 1997; Hebrok et al., 1998).
Interestingly, the invaginating part of the stomodeal ecto-
derm is the only region of head ectoderm where ectodermal
cells are not shielded from possible signals emanating from
notochord/prechordal plate by endoderm or neuroectoderm
(see Figs. 6c and 6d). Additional experiments need to be
done in order to establish the exact role of notochord in
normal pituitary development.
We have observed remarkable differences between
chicken and mouse ventral diencephalon with respect to
the spectrum of differentiated anterior pituitary cell types
that they induce. In chick embryos, Rathke’s pouch be-
comes completely determined to its prospective fate on the
fourth day of incubation, but most of the terminally differ-
entiated cell types do not appear until 2 weeks later. In
contrast, in mice the period between Rathke’s pouch for-
mation (e9–e9.5) and the appearance of all cell types
(e16–e17) is significantly shorter. Moreover, all pituitary
cell types were observed in organ cultures of mouse e10.5–
e11 Rathke’s pouch even without contact with the ventral
diencephalon (Treier et al., 1998); only ACTH-positive cells
are observed when early chick Rathke’s pouch is cultured
alone (Barabanov, 1991). Thus, during the short period of
time between e9 and e11 that mouse ventral diencephalon
is competent to induce anterior pituitary development it
must also provide additional information essential for the
next step of pituitary development, the patterning and
terminal differentiation of cell types. These two distinct
Copyright © 1999 by Academic Press. All rightdevelopmental signals are not as temporally condensed in
chick embryo development.
elAmraoui and Dubois (1993) suggested, on the basis of
their ablation experiments in chick embryos, that the fate
of the cells which will give rise to the future anterior
pituitary is determined very early during formation of the
anterior neural ridge. However, given the ability of the
ventral diencephalon to induce pituitary differentiation
from regions of chick embryo head ectoderm other than the
prospective pituitary, the results from these ablation ex-
periments may have an alternate explanation. It is possible
that ablation of the central part of the anterior neural ridge
led to a substantial decrease in the size of the stomodeal
ectodermal field and consequently there is simply not
enough tissue to form Rathke’s pouch. Alternatively, the
distance between the “prospective Rathke’s pouch field”
and the notochord, which presumably provides the pouch-
ing signal, is too large for proper signaling which results in
stomodeal roof invagination.
It has been previously demonstrated (Barabanov and
Fedtsova, 1982; Henry and Grainger, 1990; Charlebois et al.,
1990; Grainger et al., 1997) that chick and amphibian early
embryonic head ectoderm possesses a lens-forming capacity
which is an essential intermediate step during its develop-
ment. This early lens-forming potential is associated with
Pax-6 expression in chick embryonic anterior ectoderm (Li
et al., 1994). Ectopic expression of the lens marker,
d-crystallin, in early chicken Rathke’s pouch (Barabanov
and Fedtsova, 1982) probably reflects this transient lens-
forming bias. The temporal and spatial distribution of
lens-forming potential in chick embryonic head ectoderm
(Barabanov and Fedtsova, 1982) coincides well with our data
regarding the ability of chick embryonic head ectoderm to
form anterior pituitary in response to an inductive signal
from the ventral diencephalon. This suggests that in the
chick embryo a lens-forming bias is a prerequisite interme-
diate step of head ectoderm determination, and that final
pituitary determination occurs much later than the anterior
ridge stage, most probably only following contact of the
ectoderm with the ventral diencephalon. Our inability to
induce pituitary from different areas of mouse embryonic
head ectoderm may be related to the differences in the
primary inductive events associated with mammalian and
avian head development. In contrast to chick, early mouse
head ectoderm does not express Pax-6 (Walther and Gruss,
1991) and does not possess autonomous lens-forming capac-
ity as an intermediate step in its differentiation (N. G.
Fedtsova, unpublished). In birds, the signals for head induc-
tion reside in the prechordal mesoderm, whereas in mam-
mals they reside in the anterior visceral endoderm (Knoet-
gen et al., 1999). This heterochronic shift of head
development in mammals suggests that differentiation of
mouse head ectoderm probably initiates earlier than in
birds and, as a result, there is an earlier loss of competence
to pituitary (and probably to lens) induction.It has been previously shown both in vivo and in vitro
(Treier et al., 1998; Ericson et al., 1998) that gradients of
s of reproduction in any form reserved.
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352 Gleiberman, Fedtsova, and Rosenfeldgrowth factors/morphogens from FGF, BMP, and Wnt fami-
lies, acting as extrinsic signal from the ventral diencepha-
lon, turn on intrinsic BMP and Wnt signals in the develop-
ing pituitary anlage. This combination of diffusible factors
orchestrates anterior pituitary patterning, resulting in tem-
porally and spatially organized differentiation of multiple
pituitary cell types. It is important to mention, however,
that this patterning takes place only after initial commit-
ment of the anterior pituitary and that, at least in our
experimental system, these diffusible patterning signals
cannot reproduce the initial inductive signal. To date, the
specific molecular nature of the initial pituitary-inducing
signal(s) from the diencephalon is unknown. Null mutation
of T/ebp, a transcription factor from the Nkx family, affects
development of the diencephalon and prevents formation of
the infundibulum. As a result, the anterior pituitary is
absent in mutant mice (Kimura et al., 1996). Later, it was
hown that T/ebp-null embryos also lose FGF8 expression
n the ventral diencephalon (Takuma et al., 1998). Thus,
oss of FGF8, as well as null mutation of BMP4, is suggested
to prevent development of anterior pituitary despite initial
formation of Rathke’s pouch (Takuma et al., 1998). It
remains unclear, however, whether initial pituitary induc-
tion occurred in both cases. Perhaps, this question will only
be answered by in vitro recombination experiments.
The importance of diffusible growth factors/morphogens
for the patterning stage of organogenesis has been demon-
strated in several different experimental systems (lung,
kidney, and limbs both of insects and vertebrates). How-
ever, the molecular nature of the initial inductive signals in
most systems remains elusive. We hope that the experi-
mental system described here will be not only useful for the
study of pituitary-specific inductive signals, but also may
help to establish more general principles of initiation of
organogenesis.
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